Eukaryogenesis -the emergence of eukaryotic cells -represents a pivotal evolutionary event. With a fundamentally more complex cellular plan compared to prokaryotes, eukaryotes are major contributors to most aspects of life on Earth. For decades, we have understood that eukaryotic origins lie within both the Archaea domain and α-Proteobacteria. However, it is much less clear when, and from which precise ancestors, eukaryotes originated, or the order of emergence of distinctive eukaryotic cellular features. Many competing models for eukaryogenesis have been proposed, but until recently, the absence of discriminatory data meant that a consensus was elusive. Recent advances in paleogeology, phylogenetics, cell biology and microbial diversity, particularly the discovery of the 'Candidatus Lokiarcheaota' phylum, are now providing new insights into these aspects of eukaryogenesis. The new data have allowed the time frame during which eukaryogenesis occurred to be finessed, a more precise identification of the contributing lineages and the biological features of the contributors to be clarified. Considerable advances have now been used to pinpoint the prokaryotic origins of key eukaryotic cellular processes, such as intracellular compartmentalisation, with major implications for models of eukaryogenesis.
Introduction
Eukaryogenesis, or the process by which eukaryotes originated, had a revolutionary impact on the subsequent history of life, including the evolution of complex multicellular organisms. Consequently, determining the players, timing and dynamics of eukaryogenesis is key to understanding the origins of major drivers of the global ecosystem and their subsequent development. It is also crucial to identify those common mechanisms embedded within eukaryotic cells and to discriminate these from features that constitute lineagespecific and/or niche-adaptive mechanisms. This knowledge is of importance both for analysing the origins of cellular organelles and other unique features of eukaryotic cells, and is essential for understanding of the mechanisms underlying diseases and/or pathogenesis.
The transition between prokaryotic and eukaryotic cellular architectures is typically simplified and represented in textbooks as essentially a singular rapid event. However, given the vast number of modifications to cellular systems that needed to be accommodated, eukaryogenesis must have been a multi-step process. Unravelling the individual steps of eukaryogenesis is a tractable problem when sufficient discriminatory data, allowing the acceptance or rejection of specific models, are available. However, although many aspects of eukaryogenesis are generally agreed upon, elucidating the precise mechanisms, the order of many of these events and the identity of the specific cellular lineages involved remains problematic, in large part owing to the absence of intermediate forms -i.e. a prokaryote transitioning to become a eukaryote. Multiple competing hypotheses, which are all reasonable and supported by diverse lines of evidence, have been proposed (López-García and Moreira, 2015; Martin et al., 2015) .
Recently, multiple advances in geology, phylogenetics, comparative genomics, cell biology and the charting of microbial diversity have provided data that allow us to discriminate between those scenarios that are most likely and those that are less so. Here, we discuss how these contributions have placed boundaries on the timing of eukaryogenic events, how they have resolved the crucial inter-relationship between eukaryotes and archaea (including revealing the closest present-day archaeal relatives of eukaryotes) and how they have clarified the origins of key eukaryotic traits.
Eukaryogenesis -what is agreed upon and what are the major questions?
As many aspects of eukaryogenesis remain hotly contested, it is crucial to establish generally agreed terms of reference and outline those aspects solidly supported by evidence and, thus, essentially universally accepted. Eukaryogenesis is the entire process by which the defining traits of eukaryotic cells arose in the lineages that eventually gave rise to all present-day eukaryotes (Fig. 1) . Lineages, in plural, is key here, as one crucial, uncontroversial aspect of eukaryogenesis is that extant eukaryotes have a chimeric origin; one fraction of eukaryotic genes is of bacterial ancestry and a second shares a common origin with archaea (Rivera et al., 1998) . In addition, there is a third group of genes that represents strictly eukaryotic innovations and, thus, includes a substantial proportion of the genes required to build and define many intracellular compartments. Although some of these features are likely of prokaryotic ancestry, there is a considerable expansion of the associated gene families, and their elaboration makes them true eukaryotic innovations (Klinger et al., 2016) .
Teasing apart eukaryogenesis involves conceptually overlapping aspects (Fig. 1) . A cell biology aspect relates to the origins and order of acquisition of those features that would convert a recognisably prokaryotic organism into one that possessed one or more cellular traits, such that it would become, by common meaning 'eukaryotic' (Fig. 1A) . Phylogenetic and paleontological aspects relate to the underlying timeline for these acquisitions. How long did this process take and what are some of the useful defined landmarks on the timeline, which can serve as points before or after which certain traits can be inferred to have evolved Most intuitive of these landmarks is the last eukaryotic common ancestor (LECA) (Makarova et al., 2005) . By definition, this is the most recent common ancestral eukaryotic cell (or possibly an interbreeding population) from which all modern eukaryotes are derived. The LECA can be reconstructed by comparative ultrastructural and genomic studies across the current diversity of eukaryotic cells (Dacks and Doolittle, 2001) . Such studies have shown that LECA was already complex in many aspects, such as the presence of protein families for compartmentalisation of the cytoplasm (Koonin, 2010; Koumandou et al., 2013) . Equally important, but more nebulous, is the first eukaryotic common ancestor (FECA) -i.e. the first ancestor of the eukaryotic lineage. This is the latest branching point at which the eukaryote lineage and its closest extant relatives separated. FECA and LECA represent the oldest and youngest boundaries between which eukaryogenesis itself occurred (Fig. 1B) .
With these landmarks established, the fundamental issue can be distilled to the following question: from which ancestors did these key eukaryotic traits originate and in what order did they emerge? The list of traits to be accounted for includes the nucleus, the cytoskeleton, the mitochondrion and the endomembrane system -i.e. the endoplasmic reticulum (ER), Golgi and endosomes. Additional traits associated with genome functions (e.g. linear chromosomes with telomeres, spliceosomal introns, a Fig. 1 . Events leading to eukaryogenesis. (A) The major events involved in eukaryogenesis, from a cellular architecture and organelle perspective are shown here, with the earliest to the left. Noted at the top are two transitional periods -the first occurs between the ancestor of the closest archaeal lineage to eukaryotes (last archaeal common ancestor; LACA) and the first eukaryotic common ancestor (FECA). The second transition occurs between the FECA and the development of the full complement of traits common to the last common ancestor of all eukaryotes (LECA). The possible cellular architecture of these ancestors is shown based on attributes that have been defined as being present in the archaeal and α-proteobacterial lineages contributing to eukaryotes, such as the emergence of more complex internal cellular structures, crucially the nucleus (in blue), mitochondria ( purple) and a primordial endomembrane organelle (teal). Their order of acquisition is unclear; hence, three possibilities are shown with the nucleus, mitochondria or primordial endomembrane organelle differentiating first. Permutations of concurrent trait origins are not illustrated for simplicity nor are additional cellular features. It remains unclear how early before the LECA that all the features of modern eukaryotes emerged. Possible ancestral homologues of various molecular systems have recently been identified within the TACK lineages of Archaea and were, therefore, present before the FECA, including cytoskeletal proteins and building blocks of the membrane trafficking system (GTPases and longins). (B) Relationships between archaeal, bacterial and eukaryotic lineages, illustrating key symbioses, speciation events and landmarks. Bacteria are shown in brown, Archaea in teal and Eukaryota in red. The earliest times are to the left, and the present day and extant lineages to the right. Selected extant lineages are shown as representative diagrams, with the exception of the Lokiarchaeum (Loki) described recently and closely related to eukaryotes and TACK, but for which no cellular data are available. Key early events are: differentiation of archaea from the last archaeal common ancestor (LACA, teal), differentiation of the first eukaryotic common ancestor (FECA, red) from the ancestor of the archaeal lineage that is closer to eukaryotes and acquisition of the mitochondrion from an α-protobacterial donor ( purple). Later events include: extinction of transitional eukaryotic forms and radiation from their last eukaryotic common ancestor (LECA, red). The branching position of Lokiarchaeum as the sister to eukaryotes remains to be confirmed at present.
large genome size and RNA splicing), as well as associated cellular features and capabilities (e.g. lipid biosynthesis, mitosis, meiosis) must also be accounted for. Some of these are not uniquely eukaryotic, and there are abundant examples of similar prokaryotic features or even molecular analogues (Devos et al., 2014) . For example, some prokaryotes can be as large as typical eukaryotic cells (Schulz et al., 2009) , and some eukaryotes can be as small as prokaryotes [e.g. picoeukaryotes (Simon et al., 2015) ]. Similarly, prokaryotes can have small linear chromosomes (e.g. Borrelia burgdorferi) or very large genomes (e.g. Sorangium cellulosum has a genome of >13 Mb). Moreover, many prokaryotes have internal membranes and structures that strongly resemble organelles, such as the anammoxosome in 'Candidatus Brocadia anammoxidans' (Neumann et al., 2014) . The key challenge is to distinguish functional analogy from true homology and, hence, the convergent evolution of features from homologies arising through direct descent (McInerney et al., 2011) .
A clear way forward is to identify the prokaryotic origins of these individual eukaryotic traits. The evidence supporting mitochondria as being derived from an α-proteobacterium was originally deeply contentious, but once this was accepted, it provided a powerful explanation for the origins of certain key eukaryotic traits. For instance, if the genes that encode the proteins underlying a trait -i.e. in this case, mitochondrial function -are demonstrated to be either only present in α-Proteobacteria or only in taxa most closely related to them, a mitochondrial ancestry for this trait can then be inferred (Fig. 2, trait 1) . Evidence of precisely this sort can be found for aerobic mitochondrial energygenerating pathways, and for mitochondrial systems such as mitochondrial protein translocation and the iron-sulfur (Fe-S) cluster pathway (for example, see Müller et al., 2012) . Because many of the genes of α-proteobacterial origin are encoded in the eukaryotic nucleus, the origin of a fraction of the bacteria-derived eukaryotic gene set is explained by endosymbiotic gene transfer.
Spurred by progress in understanding the origin of mitochondrial traits, the role of mitochondria in eukaryogenesis has been at the centre of debate (O'Malley, 2010) . The main arguments essentially revolve around details of mitochondrial provenance, the timing of acquisition and whether the advent of a mitochondrion was a necessary prerequisite for the origin of eukaryotes (Lane and Martin, 2010) . It is still unclear if acquisition of the mitochondrial precursor ultimately led to a significant advantage in terms of the energy available to the nascent eukaryote. However, the key questions are: firstly, whether this was an early event, and secondly, whether or not it was necessary in order to meet the energetic demands of the more complex eukaryotic architecture (Lynch and Marinov, 2015) . Alternatively, some (or most) of the eukaryotic machinery -specifically membrane transport systems, including those involved in phagocytosis -could have evolved earlier and facilitated acquisition of the α-proteobacterium (Koumandou et al., 2013) .
Although the connection between eukaryotes and α-proteobacteria, through the origin of mitochondria, is now uncontested, the evolutionary relationship between eukaryotes and Archaea has been much less clear (Gribaldo et al., 2010) . The discovery of the Archaea is rightly considered one of the most important advances in modern evolutionary biology (Woese and Fox, 1977) and raised the possibility of several alternative scenarios with regard to the relationship between Archaea and eukaryotes. The distinction between the Archaea and Bacteria domains was confirmed by rooting the three-domains of life using pairs of anciently duplicated genes (Gogarten et al., 1989; Fig. 2 . Inference of feature evolution based on the phylogenetic relationship of Eukaryota and Archaea. The classic view of the tree of life places the eukaryotes (red), bacteria (brown) and archaea (teal) as distinct domains, with the eukaryotes and archaea more closely related to each other than either is to the bacteria (three-domain tree of life). More recent evidence quite convincingly supports the notion of the emergence of eukaryotes from within the archaea, and, specifically, from a lineage close to the TACK archaea (teal, red outline) (two-domain tree of life). This has a profound impact on the origins of eukaryotes and how specific traits (blue and grey) arose. For example, if bacteria and eukaryotes share a given state for a specific trait (grey circles) that is distinct from the Archaea (open grey circles), then the distribution can be explained in the frame of the three-domain model by a trait state change at the root of the Archaea, switching from closed to open grey. However, the same distribution is explained as two independent changes under the two-domain model. In both models, the trait state change can also be explained by a bacteria contribution to eukaryogenesis, potentially through mitochondrial endosymbiosis ( purple arrow). If a given trait (open versus closed blue circles) is shared by eukaryotes and some, but not all Archaea (e.g. the Lokiarchaeota), the two-domain model allows for a simple explanation of the distribution in the common ancestor of eukaryotes and their immediate ancestral archaeal sisters. Under the three-domain model, such a trait distribution is most simply explained by two independent acquisitions. Notably, the chemistry of lipids comprising the cell membrane was, until recently, thought to follow a pattern like that shown for trait 1, but it now appears to follow the pattern of trait 2 (Villanueva et al., 2016) . Importantly, support for the two-domain versus the three-domain model relies on phylogenetic information, and not on trait distribution, with recent evidence favouring the two-domain scenario. Ool, origin of life.
Cammarano, 1998; Zhaxybayeva et al., 2005) . This suggested that Archaea are sisters to Eukaryota, meaning that they separately evolved from a common ancestor, as opposed to one from within the other. However, alternative scenarios have been proposed, such as that there are only two primary domains (i.e. Bacteria and Archaea) and that eukaryotes arose from within the Archaea (Fig. 2 ) (López-García and Moreira, 2015; Martin et al., 2015) . Resolving the issue between two-or three-domains is crucial to understanding how, and from which origin, traits that are characteristically described as being of eukaryotic origin. The notion of Archaea and Eukaryota as sister lineages implies that any trait they share would have been inherited from their common ancestor, which in the three-domain phylogenetic tree, is the last archaea-eukaryote common ancestor. By contrast, if eukaryotes are embedded within Archaea, they must be a sister lineage to a specific present-day archaeal lineage, with the consequence that the traits of the archaeal contributor to eukaryogenesis could be determined through analysis of the closest archaeal sisters of eukaryotes (Fig. 2) . Therefore, understanding the identity and biology of the closest archaeal relatives of eukaryotes could allow a more refined reconstruction of the traits that the archaeal lineage contributed to eukaryogenesis. Recent advances in paleontology and molecular phylogenetics place time constraints on the timeline for eukaryogenesis and essentially resolve the two-versus three-domain question, potentially pinpointing the archaeal lineage that gave rise to eukaryotes.
Relative ages of bacteria, archaea and eukaryotes -the fossil record
Constraining the timing of early events in the evolution of Archaea and Eukarya requires consideration of the fossil record. It is generally believed that early cells were small and, owing to their great age, are unlikely to be well-preserved. Nonetheless, two types of microbial fossils are present in rocks billions of years oldphysical remnants, such as microfossils and stromatolites, and chemical residues, such as biomarker molecules and isotopic fractionations. Life on Earth is an ancient phenomenon, but the available evidence cannot give a clear answer regarding the exact nature of the oldest biological forms. It is, however, widely accepted that the earliest life forms were prokaryotic. Indeed, the oldest identified bacterial fossils are 3.48 billion years (giga-annum, Ga) old (Fig. 3 ) (Shen et al., 2001 (Shen et al., , 2009 Ueno et al., 2008) . Sulfate crystals from the Dresser Formation in Australia contain microscopic sulfides that show the large negative sulfur isotopic fractionation that is characteristic of dissimilatory sulfate reduction (Shen et al., 2001) . Although several groups of Archaea and Bacteria perform this metabolism, only Bacteria are known to do so at low temperatures. As the source sulfate came from crystals that were originally gypsum (comprising calcium sulfate dihydrate), which is only formed at low temperatures, the sulfate reducers must therefore have been Bacteria. This places an early age limit on the separation of the Archaea-Eukarya lineage from Bacteria. Archaea have simple cell structures and, thus, are unlikely to have left unambiguously identifiable physical fossils; indeed, their fossil record consists solely of chemical evidence. The oldest geological evidence of Archaea comes from isotopically light methane found in fluid inclusions in a chert-quartz vein cutting 3.49-Ga-old rocks at North Pole in Western Australia (Ueno et al., 2006) . However, the origin of the veins at this locality is debated; some argue that the veins are neptunian dykes (i.e. filled from above) (Buick, 1984 (Buick, , 1988 , whereas others consider them as hydrothermal feeder dykes that emanated from below (Nijman et al., 1998; Van Kranendonk, 2006) ; in the latter case they could be remobilizing methane from older underlying rocks. Regardless, the age of the inclusions is constrained by the Dresser Formation that lies above them and has been reliably dated at 3.48 Ga (Van Kranendonk et al., 2008) . At ∼2.7 Ga, sedimentary rocks from the Fortescue Group in the geographic area contain organic matter with extremely light carbon isotope ratios depleted down to −60‰ (with 60 parts per thousand less of the light-stable isotope of carbon than in a standard). As these low values occur in diverse environments ranging from deep marine (Eigenbrode and Freeman, 2006) to alkaline lakes (Stüeken et al., 2015) , and as methanogenesis is the only process known to produce such consistently depleted isotope values, this shows that by the late Archean, archaeal methanogens were ecologically important members of microbial communities across many habitats.
In contrast to Archaea, the complex cell structure of Eukaryota makes it easier to identify their microfossils by their intricate surface ornamentation, complex wall ultrastructure, excystment splits or spiny protrusions that extend from their cell surface (Buick, 2010; Javaux et al., 2003) . Moreover, eukaryotes produce complex sterols that can be preserved under mild metamorphic conditions in the form of steranes, which are non-functional and fully saturated sterol O r i g i n o f E a r t h ( 4 . 5 ) E a r l i e s t a r c h a e a l e v i d e n c e ( 3 . 4 9 ) S i g n i f i c a n t a r c h a e a l p r e s e n c e Fig. 3 . Timeline of life on Earth. Important events and dates for the earliest available evidence are shown. The main bar is divided into the important recognised geological epochs from the origin of Earth to the modern era, the Phaenozoic era (Pha). The scale at the bottom is expressed in years before the present, and approximate dates for events are given in billions of years (Ga) before the present. Estimated times when the last archaeal common ancestor (LACA) and the last eukaryotic common ancestor (LECA) existed are highlighted in red. The position at which the first eukaryotic common ancestor (FECA) emerged remains difficult to place. It is also unclear if the earliest eukaryotic microfossils represent lineages within the transition period between the FECA and LECA; current estimates suggest that they could indeed predate the LECA, but future evidence might overturn this view.
derivatives that retain their carbon skeleton (Summons and Walter, 1990) . It had been proposed that steranes from drill-core samples of ∼2.7-Ga-old shales from the Fortescue Group represent the oldest fossil evidence of eukaryotes (Brocks et al., 1999) , potentially making them as old as Archaea and lending support to the theory of Archaea and Eukarya as sister taxa. However, more recent isotopic studies of the same rocks showed that the δ 13 C values of the soluble hydrocarbons were inconsistent with co-exisiting kerogen and pyrobitumen, suggesting that the steranes were younger contaminants (Rasmussen et al., 2008) . This has now been confirmed by an analysis of a new drill-core that was obtained using ultraclean drilling and sampling techniques from a site alongside the original core that yielded the highest sterane concentrations (French et al., 2015) . Despite using many different analytical approaches, none of the new samples yielded any steranes whatsoever, thereby strongly indicating that those found in previous studies were indeed contamination introduced during drilling or sampling. Thus, 2.7 Ga can no longer be considered as the age of the oldest evidence of eukaryotes. Several additional rock formations aged between 2.4 and 1.4 Ga have been suggested to contain indigenous molecular eukaryotic fossils (Pawlowska et al., 2013) , but none of these have been fully accepted by the wider scientific community. Thus, the oldest unambiguous molecular fossils of eukaryotes are from the 0.7-to 0.63-Ga Huqf Supergroup of Oman in the form of 24-isopropylcholestanes derived from Demosponges (Love and Summons, 2015; Love et al., 2009) .
Eukaryotic microfossils are somewhat less controversial. Several species of acritarchs (organic vesicular microfossils) found in the ∼1.7-Ga-old Changcheng Group in China (Yan and Liu, 1993 ) and the 1.65-Ga-old Mallapunyah Formation in Australia (Javaux et al., 2004) have complex surface ornamentation and probable excystment structures, which are persuasive evidence of a eukaryotic origin (Knoll et al., 2006) . All of the purported older instances of eukaryotic body fossils lack such strong structural evidence, so microfossils indicate that ∼1.7 Ga is a robust earliest date for the appearance of eukaryotes. The oldest member of an identifiable extant group is the fossil Bangiomorpha, a rhodophyte alga from the ∼1.2-Ga Hunting Formation of Canada (Butterfield, 2000) .
Relative ages -dating based on phylogenetics
A second approach to determining when eukaryotes arose is molecular dating, which allows divergence times to be estimated from genetic distances. Originally, these approaches relied on the assumption of a strict molecular clock, which postulated a constant rate of evolution over the entire phylogenetic tree and proposes that differences between homologous proteins of different species are proportional to their divergence time (Zuckerkandl and Pauling, 1965) . However, variation in substitution rates has been widely documented, and 'relaxed' molecular clock methods have been developed that take into account that the rate of sequence evolution might vary across different branches (Ho and Phillips, 2009; Lepage et al., 2007; Welch and Bromham, 2005) .
To estimate divergence times by using molecular clock approaches, the phylogenetic tree is calibrated with several known dates associated with the available paleobiological data. For ancient evolutionary events, calibrations are commonly based on the fossil record and, to a lesser extent, on biomarkers, as described above. Tree calibration also requires a robust phylogenetic tree. Luckily, the broad relationships between the main groups of eukaryotes have been better resolved in the past few years. Importantly, a number of lineages that were assigned as early, based on ribosomal (r)RNA trees, and were thought to retain 'primitive' characteristics, are now considered as highly derived, fast-evolving members of multiple lineages (Roger and Hug, 2006) . This means that these lineages cannot be considered as proxies for the biology of earlier (and likely extinct) eukaryotes. Instead, the most recent view considers at least five major eukaryotic superphyla or supergroups, with a relatively well-resolved backbone in most clades (Adl et al., 2012; Burki et al., 2016) (Fig. 1B) .
As our understanding of eukaryote phylogeny has improved, fossil-calibrated molecular-clock-based methods have been applied to date important diversification events (Berney and Pawlowski, 2006; Douzery et al., 2004; Hedges and Kumar, 2004; Hedges et al., 2001; Parfrey et al., 2011) . However, these have yielded vastly different estimates. These discrepancies can be explained by a myriad of sources of variability and error due to various factors. Firstly, although the resolution in the tree of eukaryotes appears to be steadily improving (Burki et al., 2016) , there is still uncertainty in the location of the root (Derelle et al., 2015; He et al., 2014) . Secondly, controversy in assigning some of the Proterozoic fossils [i.e. from 2500 to 542 million years (megaannum, Ma) ago] to extant eukaryote groups suggests that molecular clock analyses rely heavily on extrapolation from the younger, but richer, Phanerozoic (less than 542 Ma ago) record. Thirdly, there are also inherent biases and uncertainties associated with assigning fossil calibrations to nodes in molecular phylogenies. These factors, combined with the variability in estimates and credible intervals yielded by different molecular clock model assumptions, have led to the wide ranges of estimated ages for LECA and the eukaryote supergroups that have been published in the last decade. The most recent analyses provide estimates for the age of LECA in the range of 1000 to 1600 Ma (Eme et al., 2014) . Despite the uncertainty about the precise ages, these analyses define a relatively short time interval of ∼300 million years between the age of LECA and the emergence of all eukaryotic supergroups, which is consistent with rapid diversification events.
The relationship between Archaea and Eukaryota
Having an established timeframe by which eukaryogenesis took place puts the question of archaeal and eukaryotic relationships into focus, with major implications for the origins of eukaryotic cellular traits. Increased genome sequence data from a larger fraction of archaeal diversity, combined with improved phylogenetic methods have substantially changed our views of archaeal evolution (Brochier-Armanet et al., 2011) . The traditional separation of the Archaea into Crenarchaeota and Euryarchaeota, as suggested by rRNA-based phylogeny and other criteria (Woese et al., 1990) , has been blurred by the identification of new phyla, such as Thaumarchaeota and Korarchaeota, which possess a combination of both crenarchaeotal and euryarchaeotal features (Elkins et al., 2008) . At the same time, technological progresses in obtaining genomic data from new and understudied microbial lineages, without the need to cultivate or isolate them, are progressively bringing to life a large fraction of microbial diversity colloquially known as 'microbial dark matter' (Rinke et al., 2013) . Concerning the Archaea, this highlights a puzzling assemblage of uncultured lineages represented by very small cells and reduced genomes, which might reflect symbiotic or parasitic lifestyles . It has been suggested that these lineages could form a new and deep-branching candidate archaeal phylum (DPANN) Williams and Embley, 2014) . However, as the clustering of fast-evolving lineages in molecular phylogenies is a well-known artefact (Gribaldo and Philippe, 2002) , the branching of the DPANN in the archaeal tree, or even their very existence, is another issue that requires resolution.
There is now considerable evidence that eukaryotes emerged from within the Archaea, supporting the 'two domains of life' model (Fig. 2) . Importantly, multiple approaches to reconstruct the relationship between eukaryotes and Archaea have also supported this view (Cox et al., 2008; Raymann et al., 2015) . Furthermore, continued exploration of archaeal diversity has revealed the presence of homologues of components of typical eukaryotic features, in particular those related to the cytoskeleton (e.g. actin, tubulin), cytokinesis and/or membrane-remodelling systems (e.g. the ESCRT complex) (Makarova et al., 2010) . Because the genes encoding these features are present in a 'patchwork' pattern across archaeal taxa, they have been referred to as a 'dispersed archaeal eukaryome' (Koonin and Yutin, 2014) . This also suggests that the last archaeal common ancestor (LACA) might have been more complex than its known present-day descendants (BrochierArmanet et al., 2011; Wolf et al., 2012) . These features are particularly prominent in a clade uniting Thaumarchaeota, Aigarchaeota, Crenarchaeota and Korarchaeota, also called TACK (Guy and Ettema, 2011) .
Excitingly, recent reconstructions suggest that the lineage that eventually led to the LECA can be more specifically pinpointed to being within this clade. Using metagenomics, Spang et al. have recently obtained the first genomic data from uncultured members of the deep-sea archaeal group (DSAG) lineage, which is related to the TACK superphylum, and proposed a new phylum called 'Candidatus Lokiarchaeota' (Spang et al., 2015) . Their data suggest that Lokiarchaeota are the archaeal lineage closest to Eukaryota, and revealed the presence of a large set of eukaryotic signature proteins that previously had only been seen in diverse TACK members, and, once more, the presence of proteins related to the eukaryotic cytoskeleton components (Klinger et al., 2016; Spang et al., 2015) .
Although the placement of Lokiarchaeota with respect to eukaryotes will need to be confirmed by further genomic data from this clade, these findings open great opportunities for investigating the specific origins of many cellular features deemed eukaryotic. In particular, priority is now given to isolating a member of Lokiarchaeota and to understanding the role of these eukaryoticlike characters in an archaeal cellular setting, as well as to further investigating that region of the archaeal tree (Fig. 2) .
Towards revealing the prokaryotic origins of eukaryotic cell biology
The advances described above have produced a much clearer idea of where to look for the prokaryotic antecedents of eukaryotic cell biology. Progress in defining the sets of proteins that underpin such features in eukaryotic organelles and cellular systems brings the search for prokaryotic antecedents into the realm of a tractable bioinformatics problem (Koumandou et al., 2013 and references therein.
An obvious starting place is the origin of the nuclear envelope. In modern eukaryotes, the nuclear envelope is contiguous with the ER and punctuated by nuclear pores, which transport proteins and RNA between the cytoplasm and nuclear matrix. Importantly, the nuclear envelope comprises two membranes -the inner and outer membranes -which have distinct compositions, with the outer nuclear envelope membrane compositionally similar to the ER. This double membrane configuration is strong evidence that the nuclear envelope arose as a subdomain of an endomembrane compartment that also gave rise to the ER but with the function to enclose the genetic material, such that the inner nuclear envelope differentiated into a platform for chromosome organisation.
Additional evidence relating to the evolution of the nucleus comes from analysis of molecular machinery associated with the nuclear pore complex (NPC). A large macromolecular structure, the NPC is the gateway regulating all exchanges between the nucleoplasm and the cytoplasm. Many proteins that form the conserved core of the NPC are the result of gene duplication events, and a simpler NPC was probably present in pre-LECA species. Although some differences have recently been described for NPCs from divergent taxa (Obado et al., 2016) , the key point is that the basic structure is both highly conserved and structurally related to a complement of proteins that share a domain structure of a β-propeller followed by an α-solenoid, collectively termed 'protocoatomers'. Because protocoatomers are components of the nuclear pore, the intraflagellar transport (IFT) machinery and protein coat complexes involved in the formation of transport vesicles and membrane deformation (Devos et al., 2014) , the evolution of the nucleus, flagella and organelles of the endomembrane system are thus connected. Comparative genomics has shown that the LECA possessed a large set of NPC, IFT and coat proteins (Devos et al., 2004; Neumann et al., 2010; Schlacht and Dacks, 2015) . Consequently, the expansion of this family must have taken place during transition from FECA to LECA, although the origin of the family and its expansion are likely to have begun before establishment of the FECA.
Although the protocoatomer family can be used to assess the deep evolution of the endomembrane system, it is not the only such protein family. Much of the machinery that defines organelle identity comprises interacting paralogous gene families, specifically SNAREs, GTPases and longins along with protocoatomers. It has been proposed that an iterative model of paralogue expansion and co-evolution of these interacting paralogues producing exclusive organelle and pathway-specific versions can explain the generation of new cellular compartments (Dacks and Field, 2007; Dacks et al., 2008) . Again, comparative genomic and phylogenetic studies demonstrate that expansion of these families in the LECA had reached a level of sophistication that rivals that seen in many modern eukaryotes (Koumandou et al., 2013; Schlacht et al., 2014) . The order of this expansion, however, represents another set of transitional events from FECA to LECA that remain to be resolved.
Analysis of these same paralogous families has provided links into the prokaryotic ancestry of the endomembrane system. The Lokiarchaeota phylum yields tantalizing insights as it features extensive complements of GTPases and the first reported presence of longin domains in a non-eukaryotic genome (Klinger et al., 2016) . Longin domains are present in conserved eukaryotic protein superfamilies and had previously been believed to be exclusive to eukaryotes. However, despite the presence of these proteins in Archaea, there are no direct orthologues of the Rab and ARF GTPase sub-families that have specific cellular functions in eukaryotes (Klinger et al., 2016) . The Lokiarchaeota composite genome also contains the most extensive group of archaeal homologues of the ESCRT machinery yet described, which has a conserved role in cytokinesis, in both archaeal and eukaryotic cells (Makarova et al., 2010) , as well as functions in late endosomal trafficking in eukaryotes.
Another aspect that differentiates eukaryotic from prokaryotic cells is the cytoskeleton. Although bacteria use distant homologues of actin (MreB) to maintain cell shape, elaboration of a complex intracellular cytoskeleton is another event that clearly took place during the FECA-to-LECA transition. Similar to the case of the endomembrane system, we cannot currently reconstruct the route of evolution of these cytoskeleton proteins during the transition, and in this context, accurate phylogenetics is crucial. Tubulin-like proteins are present in the Verrucomicrobia (Pilhofer et al., 2007) . There are many distinct actin-like families in archaea, for example Crenactin, restricted to the Korarchaeota, Aigarchaeota, Lokiarchaeota and some Crenarchaeota (Spang et al., 2015) , and there are some cytoskeletal protein orthologues specific to Lokiarcheota (Klinger et al., 2016; Spang et al., 2015) . Demonstration of the TACK archaea as the lineages potentially closest to the one that gave rise to the Eukarya has profound implications for how we view such evidence. Perhaps the most exciting implication for the presence of orthologues for both membrane-trafficking machinery and cytoskeleton proteins in these archaeal lineages is that FECA might have already possessed the genetic potential to develop phagocytosis. The origin of this trait was a key step in eukaryogenesis (Koonin, 2015; Poole and Gribaldo, 2014) .
Of course, not all eukaryotic cell biology traces back to Archaea. The most widespread eukaryotic organelle with bacterial ancestry is the mitochondrion. An extensive set of organellar functions are clearly of direct ancestry from α-proteobacteria, including organelle maintenance and replication (Leger et al., 2015) , much of aerobic energy metabolism (Müller et al., 2012 , as well as others) and even some recent surprises about organelle morphology, such as the mitochondrial contact site (MICOS) complex that is responsible for cristae formation (Muñoz-Gómez et al., 2016) . The α-proteobacterial contribution can also be seen in other processes, such as in Fe-S cluster formation (Barberà et al., 2010) , β-oxidation of fatty acids (Bolte et al., 2015) , the glycine cleavage system (Nývltová et al., 2015) and hemebiosynthesis (Cenci et al., 2016) .
However, the issue is less clear when considering bacterial contributions, the origins of which are not strongly supported as being from α-proteobacteria. The only non-eukaryotic organisms possessing proteins with the 'protocoatomer' domain organisation are planctomycetes and their relatives (Santarella-Mellwig et al., 2010) . There is currently no phylogenetic evidence supporting that these proteins are homologues to eukaryotic proteins, and thus, whether these represent convergent analogues is an open but tantalizing question. A recent large-scale analysis of genomic data has assessed the eukaryotic proteins that are likely to be of prokaryotic origin (Pittis and Gabaldón, 2016) . Importantly, this study identified a category of genes of apparent bacterial origin but that was not clearly of α-proteobacterial origin, consistent with previous data (Rochette et al., 2014) . By analysing the phylogenetic signal of these proteins, the study concluded a non-α-proteobacterial contribution to eukaryogenesis before mitochondrial endosymbiosis. Although the full implications of this study remain to be assessed by the field, it hints that information regarding the process of eukaryogenesis might be found in one or more bacteria other than that which constituted the mitochondrial ancestor (Pittis and Gabaldón, 2016) .
One cellular feature that has puzzled evolutionary biologists aiming to resolve eukaryogenesis is lipid biosynthesis. Bacteria and eukaryotes both possess membranes composed of fatty acyl chains linked through ester bonds to a glycerol 3-phosphate backbone, whereas archaea possess ether-linked isoprene chain lipids on a glycerol 1-phosphate backbone. This 'lipid divide' was more easily explained when Archaea and eukaryotes were thought to be sister taxa (three-domain model) but requires a more complicated explanation under the currently supported hypothesis of eukaryotes arising from within Archaea (Lombard et al., 2012; López-García and Moreira, 2006) . Scenarios to explain this have included involvement of a third prokaryotic contributor (Forterre, 2011) and contribution from the α-proteobacterium at the origin of mitochondria (Martin and Koonin, 2006) . Very recent analyses provide evidence for a third option, that the 'lipid divide' is not as clear as it appears. Enzymes for production of fatty acyl chain lipids on a glycerol 3-phosphate backbone have been identified in a variety of archaeal genomes, including the Lokiarchaeota (Villanueva et al., 2016) . Although these in silico predictions need to be confirmed with experimental characterisation, they raise the possibility that the FECA might have already possessed eukaryotic-type lipid membranes.
A remaining unresolved event in the period preceding LECA is where to place the points at which the nucleus and the mitochondrion were acquired. Energy considerations have led many in the field to favour the endosymbiotic event between an α-proteobacteria and the early host as a crucial early eukaryogenesis step Martin, 2010, 2015) . This is based on suggestions that the energy required to elaborate the complex eukaryotic cell is simply too costly to be sustained by amitochondrial metabolism. However, this notion can be countered by the very existence of eukaryotes that can support their complex cells in the absence of energy from mitochondria (Müller et al., 2012, and others) and the recent discovery that the oxymonad Monocercomonoides sp. has completely lost the organelle (Karnkowska et al., 2016) . Moreover, recent energetics calculations have questioned the need for an extensive energy boost for expansion of the genome and proteome that accompanied eukaryogenesis (Lynch and Marinov, 2015) . Taken together with the absence of a clear correlation between cell size and possession of a mitochondrion, as well as the increasing array of clear homologues of eukaryotic cellular components present in the host lineage, the possibility that the mitochondrion was acquired later must remain in consideration.
Conclusions
The view of eukaryogenesis as a biological 'quantum leap' that resulted in the rapid emergence of a vastly more sophisticated cell type has largely been overturned. Despite the remaining difficulties in elucidating the precise sequence of events, the discovery of features in Archaea formerly thought to be specific to eukaryotes, together with the vast number of changes needed in order to lead to the development of the LECA from a prokaryotic cell, have challenged our thinking. We still lack a clear concept of the timescale of the FECA-to-LECA transition, but we now have a better understanding of when the LECA must have arisen. Furthermore, the boundary between prokaryotes and eukaryotes has been blurred with the recognition of eukaryotic protein homologues that are involved in Archaea cellular processes, such as cytoskeleton formation, cell division and membrane trafficking. Based on these recent insights, a gradual climb towards eukaryotic cellular complexity and sophistication has emerged as being the driving force of eukaryogenesis.
The eukaryogenesis field has moved into a new phase. Previously, the best that could be achieved was to generate elegant, but ultimately highly speculative, models of eukaryogenesis. Resolving the order of transitions is challenging but remains one of the crucial questions concerning the steps of eukaryogenesis (Poole and Gribaldo, 2014) . With the recent improvements in analysis of genomic data as well as the identification of novel microbial lineages, a more robust evidence-based scientific path can be forged. 
